Human spermatozoa are quiescent in the male reproductive system and must undergo activation once introduced into the female reproductive tract. This process is known to require alkalinization of sperm cytoplasm, but the mechanism responsible for transmembrane proton extrusion has remained unknown because of the inability to measure membrane conductance in human sperm. Here, by successfully patch clamping human spermatozoa, we show that proton channel Hv1 is their dominant proton conductance. Hv1 is confined to the principal piece of the sperm flagellum, where it is expressed at unusually high density. Robust flagellar Hv1-dependent proton conductance is activated by membrane depolarization, an alkaline extracellular environment, endocannabinoid anandamide, and removal of extracellular zinc, a potent Hv1 blocker. Hv1 allows only outward transport of protons and is therefore dedicated to inducing intracellular alkalinization and activating spermatozoa. The importance of Hv1 for sperm activation makes it an attractive target for controlling male fertility.
INTRODUCTION
Intracellular pH is a critical regulator of sperm activity, from the moment they become fully morphologically developed to the moment when they fertilize the egg. Fluids of the male reproductive tract render the sperm cytoplasm acidic (pH < 6.5), which is the primary mechanism for maintaining quiescence of mature spermatozoa prior to ejaculation (Acott and Carr, 1984; Carr and Acott, 1989; Carr et al., 1985; Giroux-Widemann et al., 1991; Goltz et al., 1988; Hamamah and Gatti, 1998; Jones and Bavister, 2000) . After ejaculation, and during their transit through the female reproductive tract, sperm motility is initiated and then hyperactivated to allow the spermatozoa to penetrate through the viscous oviductal mucus and the egg's protective vestments (Hamamah and Gatti, 1998; Suarez, 2008; Suarez and Pacey, 2006) . Both the initiation (Acott and Carr, 1984; Carr and Acott, 1989; Carr et al., 1985; Giroux-Widemann et al., 1991; Goltz et al., 1988; Hamamah and Gatti, 1998; Jones and Bavister, 2000) and the hyperactivation (Ho et al., 2002; Marquez and Suarez, 2007; Suarez, 2008) of sperm motility require intracellular alkalinization. Moreover, the sperm acrosome reaction, another process that is critical for fertilization, also depends on elevation of the sperm intracellular pH (Darszon et al., 2006; Florman et al., 1989; Parrish et al., 1989; Zeng et al., 1996) . Intracellular alkalinization exerts its effects by stimulating sperm metabolism (Babcock et al., 1983) , triggering Ca 2+ influx (Kirichok et al., 2006; Marquez and Suarez, 2007; Santi et al., 1998) , hyperpolarizing membrane potential , and directly activating the axoneme (Giroux-Widemann et al., 1991; Goltz et al., 1988; Ho et al., 2002) . The elevation of intracellular pH also activates CatSper (Kirichok et al., 2006) , a sperm-specific Ca 2+ channel in the sperm flagellum that is required for sperm hyperactivation and male fertility (Carlson et al., 2003; Qi et al., 2007; Quill et al., 2001; Ren et al., 2001) . Despite the importance of intracellular alkalinization to sperm physiology in all species, the mechanism that mediates proton transfer from the cytoplasm across the sperm plasma membrane to the extracellular environment remains elusive and may differ between organisms (Hamamah and Gatti, 1998) . This proton transfer has been suggested to involve a Na + /H + exchanger (Garcia and Meizel, 1999; Schackmann and Chock, 1986; Woo et al., 2002) or a Na + -dependent Cl À /HCO 3 À exchanger (Tajima and Okamura, 1990; Zeng et al., 1996) in some species, yet the molecules controlling sperm intracellular pH have never been identified. The small size, specialized architecture, and low cytoplasmic volume of spermatozoa prevented the application of established patch-clamp methods to the study of ion conductance of the sperm plasma membrane. Recently, a method was developed for whole-cell patch-clamp recordings of quasimature mouse epididymal spermatozoa (Kirichok et al., 2006) . Here, we report the successful application of the whole-cell patch-clamp technique to ejaculated human spermatozoa, which will allow studies of ion channels that control sperm motility, chemotaxis, and the acrosome reaction (Darszon et al., 2006; Kaupp et al., 2008; Using the whole-cell patch-clamp technique, we demonstrate here that the plasma membrane of the human sperm flagellum has unusually high proton conductance that is mediated by the voltage-sensor-only proton channel Hv1. Since Hv1 specifically mediates proton efflux, it is likely to be the long-sought molecule that controls male fertility by mediating intracellular alkalinization of human sperm. Sperm Hv1 channel is regulated by several physiological cues, such as membrane potential, extracellular pH, and zinc, all of which have long been known to affect sperm function without clear understanding of the actual molecular mechanism involved. In addition, Hv1 is the only known sperm ion channel that can be conveniently studied in heterologous expression systems, a property that allows it to be used for high-throughput identification of therapeutic candidates to control male fertility.
RESULTS

Electrophysiological Identification of the Sperm Proton Channel
Whole-cell patch-clamp recording of ejaculated human spermatozoa was performed by attaching a patch pipette to the cyto- Currents were recorded with the voltage step protocol shown in (B), and the current amplitude was measured at the end of each depolarizing pulse. Statistical data are represented as mean ± SEM. See also Figure S1 .
plasmic droplet, the only region of the sperm plasma membrane that is loosely attached to the rigid intracellular structures. A similar approach was used to patch clamp mouse spermatozoa (Kirichok et al., 2006) , but it should be noted that the cytoplasmic droplet is less conspicuous in human sperm since it is located within the neck region and sometimes cannot be distinguished from the head ( Figure 1A , left panel). By patching on the cytoplasmic droplet ( Figure 1A , right panel), we were able to form a gigaohm seal and break-in into the human spermatozoa successfully. The fact that the fluorescent dye Lucifer Yellow promptly diffused from the patch pipette throughout the whole interior of the human spermatozoa indicated that we had an electrical access to all parts of the sperm plasma membrane and recorded ion channel activity from both sperm head and flagellum (Figure S1A and Movie S1 available online). Despite human spermatozoa being half the size of mouse spermatozoa (membrane capacitance Cm = 0.9 ± 0.1 pF, n = 193 as compared to 2.5 ± 0.2 pF for mouse sperm [Kirichok et al., 2006] , mean ± SD), patch clamping of human spermatozoa was as reproducible as patch clamping of mouse spermatozoa.
To study proton currents flowing across the plasma membrane of human spermatozoa in isolation from currents carried by other ions, we used bath and pipette solutions containing only salts that dissociate into large ions that are usually not permeable through ion channels. Under these conditions, and with acidic intracellular solution of pH i = 5.7, a depolarizing voltage ramp from a holding potential of À80 mV elicited an outward current that was likely carried by protons. The amplitude of the current was significantly decreased by intracellular alkalinization induced by addition of 10 mM NH 4 Cl to the bath solution ( Figure S1B ).
We next defined the electrophysiological properties of the newly found putative proton conductance of human sperm. When this current was elicited by depolarizing voltage steps from a holding potential À80 mV, we observed development of a slow-activating voltage-gated outward current ( Figure 1B) . When both the extracellular and the intracellular solutions were acidic, the outward currents were followed by inward tail currents that corresponded to deactivation of the same channel upon membrane repolarization ( Figure 1B) .
The experimental reversal potentials of the observed voltagegated currents at different proton gradients (DpH) across the sperm plasma membrane closely corresponded to those calculated by the Nernst equation for protons (Figure 1C and Figure S1C) . Since this voltage-gated current was carried by protons, we named it HSper (H + current of sperm). For a long time, it has been known that in many mammalian species, sperm intracellular pH is controlled by and rises quasilinearly with elevation of extracellular pH (Hamamah and Gatti, 1998) . In 1983, Babcock et al. demonstrated that bovine sperm exhibit passive pH equilibration across the plasma membrane that was greatly accelerated by depolarization, suggesting that bovine spermatozoa posses a voltage-gated proton channel (Babcock et al., 1983) . Similar results were obtained with human spermatozoa (Hamamah et al., 1996) . Here, we finally confirm this hypothesis by identification of the HSper channel.
The voltage-dependence of I HSper strongly depended on the transmembrane proton concentration gradient. In symmetrical intracellular and extracellular pH of 5.5, activation threshold for the I HSper was about +40 mV. Elevation of the extracellular pH to 7.4 produced a large negative shift in the activation potential, bringing the threshold to À60 mV ( Figure 1D ). When DpH was reversed by setting the intracellular and extracellular pH to 6.0 and 5.0, respectively, there was no measurable outward I HSper , even after depolarization of the membrane to +100 mV (Figure 1D) . Therefore, HSper is gated synergistically by membrane voltage and DpH. Importantly, HSper conducts only outward proton currents and thus is specifically designed to produce intracellular alkalinization.
In contrast to the large I HSper amplitude in human sperm cells, the amplitude of the outward current recorded under similar conditions for mouse spermatozoa was very small (Figure 2A ), with the current density of only 3.6 ± 0.4 pA/pF at +100 mV, n = 11 (pH i = 5.5 and pH out = 7.4), as compared to 104.3 ± 9.9 pA/pF, n = 5 for human I HSper ( Figure 2B ). The small putative proton current of mouse spermatozoa was only detected when the transmembrane electrochemical proton gradient was much higher than physiological gradients ( Figure S2A ). Moreover, the activation kinetics of the mouse putative proton current was fast, and in this respect it was clearly different from human I HSper ( Figure S2B ). Mouse spermatozoa from corpus and cauda epididymis showed identical putative proton currents. Therefore, we concluded that the physiological mechanisms that control sperm intracellular pH in mice and humans are likely to be different.
Electrophysiological properties of human sperm I HSper (high proton selectivity, combined voltage-and DpH-dependent activation, and slow kinetics of activation and deactivation) were very similar to a recently cloned voltage-gated proton channel Hv1 (also named VSOP) (Ramsey et al., 2006; Sasaki et al., 2006) . Hv1 is a four-transmembrane domain protein that is homologous to the voltage-sensor domain of voltage-gated cation channels. Hv1 channel exists as a dimer in the plasma membrane; however, a single Hv1 subunit can function independently as a voltage-gated proton channel (Koch et al., 2008; Lee et al., 2008; Tombola et al., 2008) . Hv1 is highly expressed in phagocytic immune cells, where it helps NADPH oxidase to generate high levels of bactericidal reactive oxygen species by compensating membrane depolarization and intracellular acidification, the side effects of the NADPH oxidase enzymatic activity (DeCoursey, 2008b; Okochi et al., 2009; Ramsey et al., 2009 ). Because of the similarity between I HSper and Hv1 current, we hypothesized that the I HSper is conducted by the Hv1 channel. 
Sperm Proton Channel Is Hv1
To confirm the hypothesis that I HSper is conducted by Hv1 channel, we first compared the pharmacological properties of I HSper and Hv1. Zinc is a classical inhibitor of Hv1 (DeCoursey, 2008b; Ramsey et al., 2006) , and it also potently inhibited HSper with an IC 50 of 222 ± 36 nM ( Figures 3A and 3B ). Moreover, Zn 2+ significantly slowed down the activation kinetics of I HSper ( Figure 3C ), as it was previously observed for Hv1-mediated voltage-gated proton currents recorded from other cell types (DeCoursey, 2008a) . Because of the slower activation kinetics of I HSper in the presence of Zn 2+ , the current often did not reach its full amplitude by the end of the 2.5 s long voltage steps used to obtain the dose-response relationship of Zn 2+ inhibition.
Therefore, the actual IC 50 of Zn 2+ -dependent I HSper inhibition can be slightly higher than 222 nM ( Figures 3B and 3C ).
Other divalent cations such as calcium, magnesium, and barium had little effect upon I HSper , even at millimolar concentrations ( Figure 3A ); in addition, their small inhibitory effects may have been caused by minor Zn 2+ contamination. Human seminal plasma contains exceptionally high levels of zinc (total concentration is 2.2 ± 1.1 mM as compared to 14 ± 3 mM in serum [Saaranen et al., 1987] ). Seminal zinc diffuses into the female reproductive tract after coitus and reaches Fallopian tubes (Gunn Currents were recorded from the same cell. See also Figure S3 .
and Gould, 1958) , where it is eventually absorbed by the oviductal epithelium (Gunn and Gould, 1958) and chelated by the dominant protein in the oviductal fluid, albumin (Ehrenwald et al., 1990; Lu et al., 2008) . Thus, seminal zinc can effectively inhibit activity of I HSper up to Fallopian tubes, where zinc inhibition should eventually be relieved to allow sperm intracellular alkalinization, activation of Ca 2+ influx through pH-sensitive CatSper channels, and sperm hyperactivation that is essential for fertilization. This ''zinc'' hypothesis could help to explain why sperm hyperactivation occurs only in the Fallopian tubes (Suarez and Pacey, 2006) , close to the site of fertilization. Hanatoxin, a toxin from the Chilean rose tarantula (Grammostola rosea also known as Grammostola spatulata), shifts the activation curve of some K + voltage-gated channels to more depolarized voltages via binding to the voltage sensor and acts similarly on Hv1 because of its homology to the voltage-sensor domain of K + channels (Alabi et al., 2007) . Crude G. rosea venom that contains hanatoxin and other homologous toxins shifted the HSper activation potential to more positive values (Figures S3A-S3C), in a fashion similar to the effect of crude G. rosea venom on Hv1 (Alabi et al., 2007) .
Fatty acids enhance currents mediated by voltage-gated proton channels (DeCoursey, 2008a) formed by Hv1. In our experiments, arachidonic acid (30 mM) and oleic acid (100 mM) potentiated the I HSper and shifted its activation potential to more negative values ( Figures 4A and 4B ), similar to their effects on voltage-gated proton currents mediated by Hv1. However, application of fatty acid-free bovine serum albumin (BSA) that sequesters fatty acids from the membrane did not change I HSper , suggesting that the plasma membrane of ejaculated human sperm did not contain sufficient amounts of endogenous fatty acids to stimulate I HSper ( Figures 4A and 4B) . The same concentration of BSA was able to restore the amplitude of I HSper to original values after the potentiation with arachidonic and oleic acids (data not shown). This series of experiments confirms that the pharmacological properties of I HSper are similar to those of Hv1.
Interestingly, endocannabinoid anandamide (N-arachidonoylethanolamine, AEA), which is structurally related to arachidonic acid, had a very powerful effect on I HSper at low micromolar concentrations ( Figures 4C and 4D ). At membrane potential of 0 mV, 3 mM of anandamide potentiated I HSper eight times, while the same concentration of arachidonic acid potentiated I HSper only 1.6 times ( Figure 4D ). To explore whether the effect of AEA on I HSper was direct, we observed potentiation of I HSper by AEA in the presence of saturating concentrations of a specific antagonist of CB1 cannabinoid receptor, AM251 (K i = 8 nM), or a specific CB2 cannabinoid receptor inhibitor, JTE907 (K i = 36 nM). Neither 100 nM AM251 nor 1 mM JTE907 reduced potentiation of I HSper by AEA (Figures S4A and S4C, and Figures S4B and S4D, respectively) . These two compounds also produced no effect on I HSper itself ( Figures S4A and S4B) . Therefore, the effect of AEA is not mediated by CB1 or CB2 receptors and is probably caused by a direct interaction of anandamide with HSper channel. The striking difference between the effects of anandamide and closely related arachidonic acid suggests that potentiation of I HSper by anandamide may be physiologically relevant, especially given the fact that anandamide is present in the male and female reproductive tracts (Schuel and Burkman, 2005) . However, physiological relevance of the HSper potentiation by anandamide requires further experimental confirmation.
We detected expression of Hv1 protein and its corresponding messenger RNA (mRNA) in human spermatozoa. Hv1 protein is encoded by the HVCN1 gene. In situ hybridization of freshly ejaculated human spermatozoa showed the presence of HVCN1 mRNA in the cytoplasm of human sperm ( Figure 5A ). The most conspicuous staining was obtained in the region of the cytoplasmic droplet where the volume of cytoplasm is the largest in comparison to other parts of the cell ( Figure 5A ). Moreover, according to the ArrayExpress database (http://www. ebi.ac.uk/microarray-as/ae/, accession number E-GEOD-6872) HVCN1 mRNA is one of the most abundant transcripts in human spermatozoa (Platts et al., 2007) . Interestingly, according to the same database, low levels of HVCN1 mRNA are strongly correlated with male infertility (Platts et al., 2007) . We generated an Hv1 antibody that recognized recombinant Hv1 expressed in COS-7 cells by immunoblotting, but not in empty vector-transfected or nontransfected COS-7 cells that do not express native voltage-gated proton channels (Decoursey, 2003) ( Figure 5B and Figure S5A ). Hv1 antibody also recognized a clear band that matched the expected Hv1 molecular weight of $32 kDa in human spermatozoa ( Figure 5B and Figure S5A ). Absence of actin and tubulin signals from purified spermatozoa ( Figure 5B and Figure S5A ) was due to the fact that sperm submembrane structures containing actin and tubulin were very resistant to solubilization. This serves as an additional proof of purity of our sperm preparation since contamination with somatic cells produce a clear actin signal (see Figure 5B , lane 1).
Immunocytochemistry experiments detected recombinant Hv1 expression in transfected COS-7 cells, but not in cells transfected with empty vector ( Figure 5C ). The anti-Hv1 antibody was also able to recognize endogenous Hv1 in peripheral blood mononuclear cells (PBMC) and showed clear membrane localization ( Figure S5C ). Sperm immunocytochemistry revealed that Hv1 is specifically located within the principal piece of the sperm flagellum ( Figure 5D and Figure S5B ).
Since both Hv1 mRNA and protein are present in human spermatozoa, we conclude that a robust voltage-gated I HSper that closely matches the biophysical profile of Hv1 is mediated by Hv1. Hv1 localization to the principal piece of the sperm flagellum puts it in an ideal position to control pH-gated CatSper channel (Kirichok et al., 2006; Navarro et al., 2008) located within the same flagellar compartment, as well as pH-sensitive proteins of the axoneme.
Sperm Capacitation Is Concurrent with Hv1 Current Enhancement Ejaculated spermatozoa are unable to fertilize the egg and have to undergo capacitation (functional maturation) in the female reproductive tract. During capacitation, spermatozoa develop hyperactivation (enhanced motility) and ability to undergo the acrosome reaction, which makes them able to reach and fertilize the egg (Darszon et al., 2006) . Although the exact molecular mechanism of capacitation remains elusive, intracellular alkalinization is considered to be a key factor in this process (Darszon et al., 2006; Parrish et al., 1989; Suarez, 2008; Zeng et al., 1996) . Direct demonstration that sperm Hv1 is required for capacitation was complicated by the lack of selective Hv1 inhibitors. Zn 2+ , which is the most potent Hv1 inhibitor, has been previously implicated in inhibition of human sperm capacitation (Riffo et al., 1992) . We obtained a similar result with fluorescein isothiocyanate (FITC)-conjugated Pisum sativum agglutinin (PSA) staining assay that can identify capacitated spermatozoa by their ability to undergo the acrosome reaction (AR) (DasGupta et al., 1993) . After 4 hr of incubation in capacitating medium, the percentage of spermatozoa with bright band in the equatorial region of the sperm head (indication that the AR has happened or in the progress, patterns 3 and 2 correspondingly) largely increases ( Figures S6A and S6B) . When spermatozoa were incubated under capacitating conditions in the pres- , only a small percentage of the cells produced the equatorial staining, which indicated that only a few spermatozoa underwent the AR (Figures S6A and S6B) . One possible interpretation of this result is that sperm Hv1 is required for capacitation. However, since Zn 2+ is not a selective Hv1 blocker and inhibits many other ion channels and transporters, defining the exact role of Hv1 in the functional activation of spermatozoa depends on the future development of specific methods to control Hv1 activity.
Stronger evidence for a close connection between capacitation and Hv1 activity was provided by comparison of Hv1 activity in noncapacitated and capacitated spermatozoa. In our experiments, in vitro capacitation of human spermatozoa occurred concurrently with an increase in the amplitude of Hv1 current ( Figures 6A and 6B ). All capacitated spermatozoa selected for patch clamping showed hyperactivated motility. When spermatozoa were incubated in the same capacitating conditions but in the presence of 1 mM Zn 2+ , both the increase in Hv1 current and capacitation were blocked ( Figure 6B and Figure S6C ). In capacitated spermatozoa, we also observed significant acceleration of Hv1 activation kinetics ( Figure 6C ). The coincidence of capacitation and the enhancement of Hv1 activity suggest a strong connection between these two events. Although it is tempting to assume that the enhancement of Hv1 current causes capacitation, currently we cannot exclude a possibility that Hv1 enhancement happens late in the process of capacitation and actually depends on capacitation.
pH-Sensitive Ca 2+ Channel of Human Spermatozoa
The major Ca 2+ entry pathway into spermatozoa, the flagellar CatSper channel, is activated by intracellular alkalinization in mouse spermatozoa (Kirichok et al., 2006) . If human CatSper is also gated by intracellular alkalinization, Hv1 located to the same subcellular domain should control CatSper activity and regulate intracellular Ca 2+ concentration. Since such regulation of CatSper activity would be an important function of human sperm Hv1, we decided to test whether human CatSper, similar to its mouse counterpart, can be activated by intracellular alkalinization. We searched for a CatSper-like conductance in human spermatozoa using the same bath and pipette solutions used for recording mouse CatSper (Kirichok et al., 2006) . Mouse divalent (Ca 2+ and Ba 2+ ) whole-cell CatSper currents are detectable but relatively small. However, removal of extracellular divalent ions leads to development of enormous linear monovalent (Na + and Cs + ) current through CatSper, which becomes nonselective in these conditions (Kirichok et al., 2006) . In human spermatozoa, we observed a similar dramatic increase in monovalent permeability of the plasma membrane after removal of divalent cations ( Figure 7A, left panel) . However, the putative monovalent CatSper current was not linear in human sperm, but outwardly rectifying (larger in the outward direction than in the inward direction) ( Figure 7A ). We were also able to detect a Ba 2+ current across the whole plasma membrane of human spermatozoa at an intracellular pH of 8.0 ( Figure 7B , left panel), presumably carried by human CatSper channel. This Ba 2+ current was undetectable when the pH of the pipette solution was 6.0; however, the addition of 10 mM NH 4 Cl to the bath solution induced intracellular alkalinization and reappearance of the Ba 2+ current ( Figure 7C , left panel). These experiments suggest that similar to mouse spermatozoa, human sperm possesses CatSper Ca 2+ ion channel activated by intracellular alkalinization. Therefore, Hv1 channel that is also located to the principal piece of sperm flagellum is likely the mechanism that controls CatSper activity and thus intracellular Ca 2+ concentration.
DISCUSSION
We have demonstrated that human spermatozoa possess a robust voltage-gated proton conductance that is likely mediated by the voltage-sensor only channel Hv1. As Hv1 is specifically localized within the principal piece of the sperm flagellum, it is well placed to exert control over sperm intraflagellar pH. Since the membrane of the principal piece roughly constitutes a half of the total plasma membrane, the density of the flagellar Hv1 current is about 208 pA/pF (based on total current density of 104 pA/pF at +100 mV and intracellular pH 5.5), which is one of the highest densities of native voltage-gated proton currents recorded so far (Decoursey, 2003) . Membrane depolarization, alkaline extracellular pH, removal of extracellular zinc, and sperm capacitation are physiologically relevant activators of sperm Hv1. In addition, Hv1 is strongly potentiated by low micromolar concentrations of endocannabinoid anandamide. Nanomolar concentrations of anandamide were detected in the fluids of male and female reproductive tracts; however, it is possible that spermatozoa experience much higher concentration of anandamide in the direct proximity to its sources such as granulosa cells that surround the egg in the Fallopian tubes (El-Talatini et al., 2009 ). Upon opening, Hv1 is expected to induce sperm intracellular alkalinization by equalizing sperm acidic intracellular pH (6.0-6.5) with more alkaline extracellular media. As previously (B) Hv1 current-voltage relationship in noncapacitated (n = 13), capacitated (n = 10), and capacitated in the presence of 1 mM Zn 2+ (n = 7) human spermatozoa. Note the larger potentiation of Hv1 current in capacitated spermatozoa at 0 mV (2.1 ± 0.4 times) as compared to 80 mV (1.7 ± 0.2 times). Asterisks represent statistically different data sets, with *p < 0.05 and **p % 0.001. The actual concentration of free Zn 2+ in the capacitating media was less than 1 mM because of the presence of BSA and bicarbonate that can bind this cation. All currents were recorded under DVF conditions. (C) Acceleration of Hv1 activation kinetics upon sperm capacitation. The two Hv1 activation profiles of capacitated (t = 0.6 s) and noncapacitated (t = 1.7 s) sperm were obtained by averaging normalized traces recorded at 0 mV (n = 7 for each condition). Statistical data are represented as mean ± SEM. See also Figure S6 .
mentioned, intracellular alkalinization is essential for triggering several sperm physiological responses that are crucial for fertilization, such as initiation of motility, hyperactivation, and the acrosome reaction. Since Hv1 carries positively charged protons outside the sperm cell, it may also produce membrane hyperpolarization that can limit Hv1 activity unless this hyperpolarization is compensated by other electrogenic transport mechanisms.
As the dominant proton conductance and the acid extrusion mechanism of human sperm, Hv1 is likely to be the long-sought molecule that induces sperm alkalinization, at least in humans. However, since the patch-clamp technique cannot detect all transmembrane transport mechanisms, such as nonelectrogenic transporters, it is possible that other mechanisms may contribute to the sperm acid extrusion. Moreover, human spermatozoa should have a mechanism that actively pumps protons back into the cell against the concentration gradient to support the low intracellular pH that is normally observed in resting spermatozoa. Proton currents detected with the patch-clamp technique in mouse spermatozoa were extremely small and could only be measured at transmembrane proton gradients that are much larger than physiological. Therefore, we concluded that mouse spermatozoa do not have functional Hv1 channels and that proton extrusion from these cells is mediated by a different mechanism that cannot be detected by the patchclamp technique. This notion is supported by the fact that Hv1 knockout mouse (Ramsey et al., 2009) does not have any fertility phenotype.
In human spermatozoa, Hv1-dependent intracellular alkalinization can activate the pH-dependent calcium channel CatSper that is also confined to the principal piece of the sperm flagellum. In this way, Hv1 can cause elevation of intracellular Ca 2+ . Interestingly, the increase in sperm intracellular Ca 2+ induced by membrane depolarization, the phenomenon frequently observed with optical methods (Carlson et al., 2003; Darszon et al., 2006; Publicover et al., 2007) , most likely reflects CatSper channel activation by Hv1-dependent intracellular alkalinization. Since the proton conductance of mouse spermatozoa is very small, it can cause similar voltage-gated CatSper-dependent Ca 2+ influx only if profound membrane depolarization is combined with extremely alkaline extracellular pH (Carlson et al., 2003) . Since Hv1 is likely to lie upstream in the signaling cascades leading to sperm activation, hyperactivation, and capacitation and can be heterologously expressed for high-throughput functional studies, Hv1 can be an attractive target for the control of male fertility.
EXPERIMENTAL PROCEDURES
Isolation of Mammalian Spermatozoa and In Vitro Capacitation Protocols for the human sperm studies were approved by the Committee on Human Research at the University of California, San Francisco. Freshly ejaculated sperm samples were obtained from seven healthy donors (18-35 years old) by masturbation and allowed to liquefy for 30-60 min at 24 C before processing. Only specimens with normal semen parameters, morphology, and motility were selected for this study. At the end of the liquefaction, 45 ml HEPES-buffered solution (HS) comprising 135 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 2 mM CaCl 2 , 5 mM glucose, 1 mM sodium pyruvate, 10 mM lactose, and 20 mM HEPES (pH 7.4) was added to the ejaculate, and the resulting suspension was incubated at 24 C for an additional 5 min to precipitate any debris. The supernatant was centrifuged at 800 g for 5 min. Pellet was washed with 50 ml HS and centrifuged again. Spermatozoa were resuspended in 5 ml HS and were used in electrophysiological recordings for the next 4 hr. For in vitro capacitation, isolated human spermatozoa were incubated in capacitating medium comprising HS, 20% fetal bovine serum, and 25 mM NaHCO 3 (pH 7.4) at 37 C in a 5% CO 2 incubator for 4 hr. Capacitated spermatozoa were washed in HS immediately before recording. Control noncapacitated spermatozoa (not incubated under capacitating conditions, but kept in HS solution at room temperature) from the same donor were recorded during the same day. Mouse spermatozoa were isolated either from corpus or from cauda epididymis according to (Kirichok et al., 2006) .
Patch-Clamp Recordings
Pipettes for whole-cell patch-clamp recordings of proton currents (20-30 MU) were filled with 135 mM N-methyl-D-glucamine (NMDG), 5 mM ethylene glycol tetraacetic acid (EGTA), and 100 mM HEPES or MES (pH 5.0-7.0 with methanesulfonic acid [CH 3 SO 3 H]). Spermatozoa with moderate-sized cytoplasmic droplets that are considered to be fertile (Cooper, 2005) were selected for the study. Seals between the patch pipette and the sperm cytoplasmic droplet were formed in HS solution. Transition into whole-cell mode was performed by application of short (1 ms) 400-650 mV voltage pulses, sometimes combined with light suction. Access resistance was 45-150 MU. Cells were stimulated every 5 s. Data were sampled at 2-5 kHz and filtered at 1 kHz. Proton currents were recorded in divalent-free (DVF) solution comprising 130 mM NMDG, 100 mM HEPES or MES, and 1 mM EDTA (pH 5.0-8.0 with CH 3 SO 3 H). Proton currents tended to saturate at high positive potentials because of depletion of the intracellular pH buffer. To minimize the influence of this saturation on the conclusions made, we always determined the amplitude of the sperm proton currents before intracellular proton depletion occurred. For recording of monovalent CatSper currents, pipettes were filled with 135 mM Cs-CH 3 SO 3 H, 5 mM CsCl, 10 mM HEPES, 10 mM EGTA, 5 mM Na 2 ATP, and 0.5 mM Na 2 GTP (pH 7.2 with CsOH). Bath DVF solution for monovalent CatSper currents contained 150 mM Na gluconate, 20 mM HEPES, 2 mM hydroxyethyl ethylenediamine triacetic acid (HEDTA), and 2 mM EGTA (pH 7.4 with NaOH). For recording of divalent CatSper currents, pipettes were filled with either 160 mM NMDG, 5 mM CsCl, 10 mM HEPES, and 10 mM EGTA (pH 8.0 with CH 3 SO 3 H) or 165 mM NMDG, 5 mM CsCl, 10 mM MES, and 10 mM EGTA (pH 6.0 with CH 3 SO 3 H). Bath solutions for these conditions contained 50 mM Ba(OH) 2 or 50 mM Mg(OH) 2 , 90 mM NMDG, and 20 mM HEPES (pH 7.4 with CH 3 SO 3 H).
Osmolarity of all solutions used for electrophysiological recordings was around 320 mOsm/L. Data were analyzed with Origin 7.0 and Clampfit 9.2. Statistical data were calculated as the mean ± standard error of the mean (SEM), and n indicated the number of experiments. All electrophysiology experiments were performed at 24 C.
Electrophoresis and Immunoblotting
Affinity-purified Hv1 polyclonal rabbit antibodies (Open Biosystems) were raised against human Hv1 peptide CDEKAVTRRAKVAPAER. N-terminal cysteine was added to the peptide to perform consequent sulfolink coupling for affinity purification. Highly motile sperm fraction was separated from other somatic cells (mainly white blood cells, immature germ, and epithelial cells) by density gradient consisting of 90% and 50% isotonic Isolate (Irvine Scientific, CA) solution diluted in HS solution with the addition of protease inhibitors (Roche). Protease inhibitors were used throughout the whole procedure. After centrifugation at 300 g for 30 min at 24 C, the sperm pellet at the bottom of the 90% layer was collected, diluted ten times, and washed in HS by centrifugation at 2000 g for 20 min. Cells were examined by phase-contrast microscopy for motility and counted before centrifugation. Contamination of the pure sperm fraction by other cell types was minimal, with less then 0.2% of somatic cells, which was below the protein detection threshold for immunoblotting applications. The pellet was subjected to osmotic shock by a 5 min incubation in 0.53 HS solution, addition of 10 mM EDTA and 10 mM dithiothreitol (DTT) for 10 min, and sonication in a water bath at 25 C for 5 min. Osmolarity was adjusted by addition of 103 phosphate-buffered saline (PBS). Laemmli sample buffer (53) was added to a final 13 concentration, and the DTT concentration was adjusted to 20 mM. An additional 5 min sonication and boiling at 100 C for 5 min were performed. Total crude cell lysate was loaded onto a 4%-20% gradient Tris-HCl Criterion SDS-PAGE (BioRad). Hv1-and empty vector-transfected COS7 cells were lysed in 23 Laemmli sample buffer and subjected to SDS-PAGE. Ten thousand cells per well was loaded onto SDS-PAGE. After transfer to polyvinylidene fluoride membranes, blots were blocked in 0.1% PBS-Tween 20 with 3% IgG-free BSA for 15 min and incubated in primary antibodies overnight at 4 C. Blots were probed with rabbit anti-b-tubulin antibodies (Abcam), mouse monoclonal anti-actin C4 antibodies (Abcam), or anti-Hv1 antibodies. After subsequent washing and incubation with secondary horseradish peroxidase-conjugated antibodies (Abcam), membranes were developed with an ECL SuperSignal West Pico kit (Pierce).
Immunocytochemistry
Unpurified diluted ejaculate (concentration 0.5 3 10 6 cells/ml) was plated onto 12 mm coverslips in HS and allowed to attach for 2-3 hr. Then cells were fixed with 3.7% paraformaldehyde (PFA) in 13 PBS for 20 min and washed twice with PBS. Additional fixation was performed with 100% methanol for 5 min and washed twice with PBS. Cells were blocked and permeabilized by 1 hr incubation in 0.1% Triton X-100 and 5% BSA (grade V) in PBS; immunostaining was performed in 5% BSA (grade V) in PBS. Detergent-treated cells were incubated with primary antibodies overnight at 4 C. After extensive washing in PBS, secondary antibodies were added for 45 min. Cells were mounted with ProLong Gold antifade with DAPI reagent (Invitrogen). Fixation of COS7 cells and PBMC was performed in 3.7% PFA/13 PBS for 20 min at 24 C, and slides were stained as described for spermatozoa with the only exception that 0.1% saponin was used instead of Triton in permeabilization, incubation, and washing steps. Pictures were acquired on an Olympus IX71 differential interference contrast (DIC) microscope or a Nikon FN1-C1si spectral confocal microscope. Cy3 and DyLight488-conjugated anti-mouse or anti-rabbit antibodies were from Jackson ImmunoResearch.
In Situ Hybridization
Unpurified, PFA-fixed spermatozoa were used for in situ hybridization (ISH). Cells were plated onto 12 mm coverslips, fixed, and subjected to in situ staining. Total donor-specific RNA was extracted from purified spermatozoa with a QIAGEN RNAeasy mini kit followed by complementary DNA synthesis with a Phusion RT-PCR kit (Finnzymes, MA). The donor-specific translated region of HVCN1 was amplified with the primers forward 5 0 -ACAGGTACCACC ATGGCCACCTGGGACGAA-3 0 and reverse 5 0 -AACACAGCGGCCGCCTAGTT CACTTCACCAAGAAG-3 0 and was subcloned into a vector containing T3/T7 promoters (Stratagene). Single strand digoxigenin-labeled RNA probes were synthesized and color ISH was performed as in Ishii et al. (2004) . A sense probe was used as a negative control.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, six figures, and one movie and can be found with this article online at doi:10.1016/ j.cell.2009.12.053.
